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ABSTRACT 
The following project has as the intention to study, together with Clara Masvidal, the viability 
of installing an offshore wind farm in Spanish coasts. Nowadays there is not any offshore 
wind farm in Spanish State; in fact, there was the intention to install an offshore wind farm in 
Tarragona called “Zèfir” but was finally rejected one year ago because of the disapproval of 
the citizens. For that reason, offshore wind farms from Nordic countries have been taken as 
a reference. 
The project contents the development of each phase required before the installation of an 
offshore wind farm. As it has been said, the realization of the project has been done in 
parallel with another student, who will be named “external assessor” during the project. The 
most relevant information have been provided from one to another in order to have a 
complete study.  
The present project has firstly studied the location of the offshore wind farm, paying special 
attention to Catalan coasts and taking into account the influence factors such as the wind 
speed of the zone, the corresponding normative or the sea depth, the last one being the 
main reason why there is not any offshore wind farm yet in Catalan coasts because of the 
deep waters and the non yet completely developed foundations (such as floating 
foundations). This is not the case of north seas, in which sea depths of 12 meters can be 
found at 20 kilometers from the coast (as it happens in case of Rodsand II). 
In second place, an exhaustive study of main manufacturers and types of turbines and 
foundations has been done, joined by their corresponding investment costs.  
The study of transport and installation of turbines and manufacturers has also played an 
important role in this project, because of the various possible configurations and their 
corresponding costs. 
The economic analysis has permitted to know the viability of the project and to choose 
between two candidate manufacturers which had some different characteristics.  
Finally, it has been designed an offshore wind farm of 64,8 MW which takes place in 
Tarragona at three kilometers from the coast and is formed by eighteen Siemens turbines 
(more concrete, the model SWT-120 3,6 MW) and their corresponding eighteen jacket 
foundations. The farm has not required an offshore substation given its proximity to the coast 
and it has generated an initial investment of 92.106.704,34 € and a net present value of more 
than 19 million of euros in the first twenty years. 
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1. GLOSSARY  
Acronyms and abbreviations 
 
Acronym Name 
AEP Annual Energy Production 
CAPEX Capital Expenditures 
EU European Union 
EWEA European Wind Energy Association 
GENCAT Generalitat de Catalunya 
ICC Initial Capital Cost 
IRR Internal Rate of Return 
NPV Net Present Value 
OMEL /OMIE Operador del Mercado Ibérico de la Energía, Polo Español S. A 
OPEX Operating Expense 
O&M Operation and Maintenance 
Table 1. Acronyms and abbreviations of the project. Source: author 
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1.1. Definition of key terms for the understanding of the project 
 
Wind power glossary [31]: 
 
 Annual energy production: As used in these pages, the annual average energy 
production of a particular wind farm. The annual energy production is usually measured 
in MWh or GWh. 
 Availability: The percentage of time that the particular wind farm, or wind turbine, is in 
an operational condition. 
 Axial-flow turbine: A turbine in which the air moves in the direction of the axis of rotation 
of the turbine.  
 Betz limit: The maximum theoretical power that can be captured by a wind turbine from 
the wind. It is equal to a 59.3% of the wind energy. 
 Blade: The part of a turbine that air reacts against to cause the turbine to spin. 
 Capacity factor 
 Dispatch ability: This term is used in the electricity supply industry to describe how 
readily power generation is increased or decreased to follow changes in demand.  
 Energy return on investment: Defined as the ratio between the useful energy got out of 
a process against the energy needed for that process. 
 Greenhouse gas savings: The amount of carbon dioxide that would have been 
released into the atmosphere by a fossil fuel fired power station had the particular wind 
farm not been generating power.  
 HVDC: High voltage direct current is used to transmit large amounts of power over long 
distances; there are smaller power losses and the construction cost of a HVDC line is 
less than that of a more conventional high voltage alternating current line. 
 Hub: The section which connects the turbine blades to the main shaft. At construction it 
is usually attached to the blades at the base of the turbine tower and then the whole 
assembly is lifted in one piece. 
 Swept area: The circle through which the turbine blades rotate and the area of that 
circle. 
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2. FOREWORD 
 
2.1. Origin and background of the project 
 
Taking into account that Spain is the fourth biggest producer of wind power and having one 
of the biggest onshore wind farms in Europe, called Marranchón (in Guadalajara) which has 
208 MW installed; it is quite strange that only one offshore wind turbine has been installed in 
Spain this one commissioned by Gamesa and installed in Canary Islands. This is the main 
reason why it has been considered interesting to study the possibility of installing another 
offshore wind farm in Spain, and, if possible, in Catalonia.   
In fact, two years ago there was the intention to install an offshore wind farm in Tarragona. 
The project was called Zéfir and it was supposed to have four turbines at 3 km from the coast 
and eight more at 20 km from the coast. The project was really disapproved by citizen, so 
that finally it was not carried out. 
 
2.2. Motivation 
 
The conscious of the student for the respect of the environment and the hugh importance 
that renewable energies have been taking in the past years have been the two main 
motivational factors for the realization of this project.  
Given the fact that the growth of the electrical consumption has been notable in the past 30 
years derived by the big economical growth that Spain had because of the construction 
industry and the tourism, it has been necessary to go through a sustainable development, 
this is possible cooperating in the strengthen of energies exempted of CO2 emissions.  
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3. INTRODUCTION 
 
3.1. Project targets 
 
In this chapter, a distinction has been made between general and specific targets. 
 
3.1.1. General targets of the project 
 
The general objective of this project has been to carry out all phases that must be taken in to 
account in order to design an offshore wind farm.  
This phases mainly being: 
 State-of-the-art of the subject: in order to be able to design an offshore wind farm, 
it is necessary to be completely informed about the existing technology of the 
sphere and the projects carried out so far. 
 Choice of the location: the location of the farm must be decided taking into account 
many parameters, aside for the correct production of energy and the respect of the 
environment.  
 Choice of turbine and foundations manufacturers: there are many type of turbines 
and foundation for an offshore wind farm, considering the characteristics of the 
location, an specific turbine and foundation will be chosen.  
 Disposition of the turbines: once the location has been chosen, concrete 
disposition of each turbine must be decided taking into account wake factor.   
 Costs analysis: in order to know the viability of the project CAPEX and OPEX 
costs must be studied: 
o CAPEX: this makes reference to initial investment, such as turbines and 
foundations purchase and transport and installation costs. 
o OPEX: this referring to operational costs, such as turbines maintenance. 
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3.1.2. Specific targets 
 
As it has been said, this project has been carried out by two students, given the extension 
and complexity of the subject.  
In the current project, the objective has been to study turbines and foundations themselves 
while the other student, who will be named as “external assessor” during the project, has 
studied the disposition of the turbines and the wiring of the farm.  
This way, specific targets from general ones exposed below have been: 
 State-of-the-art: mainly of turbine manufacturers and foundation types.  
 Choice of the location: beginning from Iberian peninsula and enclosing until the 
final location.  
 Choice of turbine and foundation manufacturers: studying the appropriate 
candidates and enclosing until finding the best solution.  
 CAPEX analysis: studying initial investment for turbines and foundations, and the 
concrete transport and installation configuration with its costs.  
 
3.2. Project Scope 
 
The present project is expected to arrive until the construction phase. Taking into account all 
parameters for the design of the offshore wind farm and its regulations.  
Next steps for a later project would be the monitoring of the transport and installation of the 
farm and afterwards the inspection of its operation along its useful life.  
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4. WIND POWER RESOURCES 
4.1. Wind Power State-of-the-art worldwide and in Europe 
 
4.1.1. First attempts 
 
Wind power has been used over hundreds of years in a number of different 
applications, such as water pumping or corn grinding with historic designs known 
as windmills. More recently, these uses have spread into more technologically 
advanced purposes, e.g. residential heating, desalination of seawater and 
electricity obtaining, in which our attention will be focused in this project. 
The first engine that was able of producing electricity from the wind was created by 
Charles F. Brush in Cleveland in 1888. Its nominal power reached no more than 
12 kW and it produced direct current.  
The invention of steam engines and its expansion throughout Europe in the 19th 
century, however, pushed wind power technologies into the background for some 
years due to their ability to obtain electric energy in a lower-priced way and its 
independence of changeable winds.  
The first large-scale alternate current (AC) wind turbine was not created until 1930. 
For a number of years it was the largest turbine in terms of power, with a nominal 
power of 1,25 MW, which occurred to be a great achievement at that time. 
However, the project had to be abandoned due to a lack of engineering knowledge 
that would avoid machine malfunctioning. 
In 1970’s the wind industry started to develop, Denmark being the pioneer in the 
sector, who started the massive production of wind turbines. In fact, they created 
the three blades turbines, which are still known nowadays.  
Effects of global warming have brought to more energy polices regulated by 
environmental criteria, that is the reason why renewable are entering to the 
energetic market at great speed. [24] 
In fact, in global wind power installed capacity has increased from 1.7 GW to 350 
GW in the past fifteen years.  
More concrete, in European Union 117 GW  are installed, from which 91% is 
onshore and 9% offshore. 
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4.1.2. The role of offshore wind power in Eurpoe 
 
Nowadays all the potential areas in which the installation of an onshore wind farm is viable 
are already in use. This is one of the main reasons that have led to an increase of offshore 
wind farms research and development.  
Furthermore, if we focus on economic viability, there are major differences between onshore 
and offshore wind farms: 
 Higher and more persistent wind speeds offshore, which lead to higher potential power 
output and greater predictability. Greater predictability is due to the ocean’s laminar 
flow. We consider that a fluid like wind behaves in a laminar flow when its movement is 
ordered and soft.  
 The potential for deployment of larger wind turbines and development of larger wind 
farms offshore increase the economic benefits because of the decrease of unit cost 
but, on the other hand, there are also higher installation and maintenance costs. 
For the moment, onshore technology has been the cutting edge of the wind power growth, 
which accounts up to 98.1% of global capacity. Onshore wind power has already been 
proved to be nearing competitiveness. However, statistics show thatonce the demonstration 
phase is complete, future growth will be set by a great offshore tendency, which means that 
offshore wind energy has still a large way to improve its benefits. These benefits will basically 
depend on investment cost reductions. 
According to a report from the European Wind Energy Association (EWEA), 418 new 
offshore wind turbines in 13 farms, worth between €4.6 billion and €6.4 billion, were fully grid 
connected in 2013, totaling 1567 MW, a share of 34% more than in 2012.  
The following graphs show the number of turbines fully connected to the grid in Europe in 
2013 per country: 
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4.1.3. A review on the cumulative offshore turbines market 
 
After an insight in terms of global capacity installations in the last year, a resume on the 
offshore capacity installations built in Europe has been done. 
Only in Europe, a total amount of 2.080 offshore wind turbines are now installed and grid 
connected, making a cumulative total of 6.562 MW in eleven European countries.  
 
 
 
 
 
 
 
 
Graphic 1. No. Of turbines connected to grid in Europe. 
Source data: EWEA 2013 [1] 
 
Graphic 2. Total no. Of offshore wind turbines in MW installed in Europe in 2013.  Source: 
EWEA [1] 
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4.2. Future growth and trends 
 
 
In 2000, only a few 3.6 GW (22.4% of new power capacity) of new renewable 
power capacity was installed in Europe, while since 2010 annual renewable 
capacity additions have been between 24.7 GW and 35.2 GW (72%).  [1] 
 
Despite the obvious growth of offshore wind farms shown in paragraph below, 
wind energy is accounting globally for no more than 4.4% of the total installed 
capacity, supplying less than 2% of the global electricity. 
However, focusing on wind power capacity additions, it can be observed that no 
other renewables have experienced such an exponential growth. 
The following figure shows the cumulative wind power installations in the EU since 
2000 until 2013. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
As it is seen, wind power has certainly grown in the past thirteen years, this growth 
is yet expected to continue, reaching a total installed capacity of about 500 GW 
worldwide by 2017 and more than 688 GW in 2020 [27].  
 
Graphic 3. Europe wind power cumulative installations (MW). Source data: EWEA [1] 
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4.3. Wind Turbine Manufacturers 
 
There are many turbine distributors in wind industry, furthermore, centering the study in 
offshore wind turbines, the amount of turbine manufacturers is notably lower. This happens 
because onshore wind industry is completely developed and offshore wind industry has just 
finished its research and development period. 
Even physical characteristics are different for onshore and offshore turbines, offshore 
turbines permit smaller towers and bigger blades because of the lower shear. [1] 
Thanks to the study made for the European Wind Energy Association it is known that in 2013 
the main wind turbine manufacturers in Europe were Siemens (German), BARD (German) 
and Vestas (Danish). The dominance (percentage) of each one in the market is known in 
terms of annual installations and in terms of units connected.  
In both terms, Siemens is the pioneer with 1.082 MW of new capacity and 309 turbines 
connected in European waters during 2013. Second place is occupied by BARD with 240 
MW of new capacity and 240 turbines connected and finally Vestas which has installed 123 
MW of new capacity and 123 turbines.  
 
                                     
 
 
 
 
 
 
 
 
Graphic 4. Units connected from main 
manufacturers in 2013. Source: EWEA [1] 
Graphic 5. Annual installations from main 
manufacturers in 2013. Source: EWEA [1] 
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Even though Gamesa is the offshore wind turbine manufacturer with minor market it is going 
to be considered for this study because it is a Spanish manufacturer so it seems logical to 
study this possibility as the purpose of this project is to design an offshore wind farm in 
Catalonia.  
As a conclusion for this section, the candidates for the election of the turbines are: Siemens, 
Bard, Vestas and Gamesa. This election will depend on various aspects detailed later on.  
 
4.4. Foundation Types 
 
The same study has been done with foundation manufacturers. In order to design an 
offshore wind farm, the election of the foundation type is one of the most relevant factors 
because of its complicity and its strong dependence with ocean depth.  
 
The European Wind Energy 
Association has also studied the main 
type of foundations installed during 
2013. The most popular substructure is 
the Monopile (490 installed in 2013), in 
the second place there are the Tripod 
foundations (87 installed) which are 
followed by jackets, tri-piles and gravity 
foundation.   
 
 As it has been said, foundations are closely related with ocean depth, so in order to decide 
which kind of foundations are going to be used, it is necessary to determine down to the last 
detail the zone in which the offshore wind farm is planned to be build. This determination will 
be studied in the following chapters.  
 
Graphic 6. Main foundation types in 2013. Source: 
EWEA [1] 
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Furthermore, it has been considered interesting to analyze for which depth is appropriated to 
use a type of foundation or another:  
 
 
 
 
 
 
 
 
 
Even though it doesn’t appear in EWEA’s study of main type 
of foundations, there is a novel type of foundation that still 
needs to be more studied known as Floating Foundation. It 
has been considered necessary to mention this type of 
foundation because of its two mainly benefits.  
Firstly, using floating foundations would mean that a greater 
number of sites would be viable for building offshore wind 
farms. Because of the low relevance that water depth and 
seabed have for this type of foundations, enabling projects in 
deep water where wind resource is much stronger would 
become possible.  
 
 
 
Figure 1. Foundations depth. Image source: “The engineer web”. 
Values source: Provided by Oriol Gomis 
Figure 2. Floating Foundation. Source: 
Stitching De Noordze 
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Secondly, as it will be analyzed in following chapters, foundations have a huge impact in 
capital costs of an offshore wind farm (around 20% of global cost). Floating foundations 
would notably decrease this percentage. [17] 
In other chapters, turbine manufacturers and foundation types will be studied in more detail 
in order to choose the definitive option  
 
5. ANALYSIS OF APPLICATION NORMATIVE 
 
In order to analyze which are the candidates zones for the design of the offshore wind 
farm, it is necessary to consult the regulation that establish which zones of Spanish 
coasts are capable to assume the construction of an offshore wind farm and which are 
not.  
This study has been done by “El Ministerio de Industria Turismo y Comercio” and “El 
Ministerio de Medioambiente y Medio Rural y marino”; which have elaborated “El 
Estudio Estratégico Ambiental del Litoral Español” [2] 
In order to identify the coast zones that can be affected in a significant way for the 
construction of an offshore wind farm, the following subjects have been studied : 
 
 Fishing resources and activities 
 Public possession maritime-terrestrial 
 Bio-diversity and protected areas 
 Cultural patrimony 
 Environmentalism security 
 Landscape 
 
Considering all this subjects for the different zones from Spanish coast, the study 
mentioned previously has provided a map from Spanish coast that follows the 
following criteria: 
 
 Exclusion zones (red zone): are those which are not capable to afford the construction 
of an offshore wind farm because they could suffer potential environmental problems.  
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 Capable zones with environmental conditions (yellow zone): for those which are 
capable but might be studied carefully because of their environmental fragility. 
 Capable zones: (green zone) those which apparently will not have any environmental 
problem with the construction of an offshore wind farm.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
As it is seen in the map, Catalonia seems to have a potential amount of capable 
zones, specially the coast of Tarragona. This fact gives an idea of which zones might 
be interesting in order to build the offshore wind farm, but many other factors will have 
to be analyzed. 
 
 
 
 
 
 
Figure 3. Capability of spanish zones. Source: Estudio Estratégico Ambiental del 
Litoral Español 
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6. CHOICE OF LOCATION 
 
6.1. Introduction of the determining factors 
 
In order to choose the location for the offshore wind farm, there are some factors that 
must be considered: 
 Capable zones: as it has been said in the previous chapter, not all coast can afford 
the construction of an offshore wind farm, in this chapter, a capable zone will be 
chosen.  
 Electrical substations: the offshore wind farm must be built close to an electrical 
substation in order to reduce the energy transportation costs.  
 Wind speed: the average of the wind speed in the chosen zone must be as 
continuous as possible, and higher enough so the energy production results profitable. 
 Sea depth: this factor must be studied in order to decide which kind of foundation is 
going to be used. 
 
6.2. Capable zones 
 
Considering the aspects mentioned in the previous chapter, and using the wind map 
provided by “El Estudio Estratégico Ambiental del Litoral Español” a capable zone 
has been chosen. [2] 
As it has been said several times, the aim of this project is to design the wind farm in 
Catalan coasts, and analyzing the map, it is seen that the must extended Catalan 
capable zone is in the province of Tarragona. So, from now on, the intention will be to 
design the wind farm for the coast of Tarragona. Nonetheless, the other determining 
factors will have to be studied before choosing the the final zone. 
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6.3. Wind speed 
 
This is one of the most important factors in order to choose the location of an offshore 
wind farm. In order to analyze the wind speed in a concrete location, there are two 
essential aspects to study: 
o Average of the wind speed in each wind direction 
o Frequency in which an specific wind speed blows in an specific direction 
 
First of all, it is necessary to compare, in a generic way, the aspects commented 
bellow in different points of Catalonia in order to decide if it is recommendable to 
continue focusing the study in the zone of Tarragona, or if, otherwise wind speed 
conditions in other zones are much more beneficial.  
 
In order to develop this comparison, four different zones have been chosen: 
 
1. Cadaqués (Alt Empordà) 
2. Platja d’Aro (Baix Empordà) 
3. Barcelona (Barcelonès) 
4. Tarragona (Tarragonès) 
 
Thanks to an eolian atlas 
provided by “El Insituto para la 
Diversificación y Ahorro de la 
Energía” [2] 
The essential aspects of these 
zones have been studied and 
compared obtaining the following 
results: 
Figure 4. Catalan studied zones. Source: Author 
Technical and economic feasibility of turbines and foundations of an offshore wind park at the Catalan coastline Page 23 
 
 
 
Graphic 7. Wind speed oscilations in studied zones. Source data: Eolian atlas 
 
 
Graphic 8. Frequency of different wind speed directions in studied zones. Source data: Eolian atlas 
In the first graphic we can analyze the tendency of the wind speed in the different zones, 
as it is seen, Cadaqués and Platja d’Aro present a larger difference between their own 
wind speed. So, even though they may punctually offer higher wind speeds this is not 
beneficial because generators require an homogeneous wind speed. Barcelona and 
Tarragona seem the recommendable zones in this case. 
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Something similar happens with the frequency graphic, in Cadaqués and Platja d’Aro 
some wind speeds blow much more frequently than other, which shows the non-
homogeneous wind speed.  
As a conclusion of this chapter, Barcelona and Tarragona seem the recommendable 
zones in order to design an offshore wind farm, so it has been confirmed that Tarragona 
is still a good option. 
 
6.4. Electrical substations 
 
Catalan electrical substations have been studied thanks to “Red Eléctrica de Espeña” 
which provides information of all electrical substations from Spain, including there, the 
Catalan ones. The external assessor has studied which of them might be suitable for 
the project, taking into account that the chosen substations might be capable to afford 
the energy coming from the wind farm. [3] 
 
External assessor has provided the following substations considering that all of them 
are in Catalonia and close enough to the sea: 
  
Llançà 
Torrent del 
Vent 
Bellcaire Palafrugell Vall-llobrega 
Castell 
d’Aro 
Lloret Calella Mataró Lluro 
Santa Coloma 
Gramanet 
El Prat 
Foix Altafulla Tarragona Cambrils Plana del Vent Vandellós 
Table 2. Candidate Substations. Source: External assessor 
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As it is seen in the electrical substations list, one of them is in Tarragona, this electrical 
and it is approximately 4 km far from the coast. 
In addition, this electrical substation is already generating energy with onshore wind 
farms, which makes it connoisseur of the generation and administration of wind energy.  
[1] 
      So if the other determining factors permit it, this will be the selected electrical substation 
for our study. 
 
Figure 5. Location of selected location. Source: Google maps 
  
6.5. Sea depth 
 
Finding information of the sea depth has been probably one of the most difficult 
challenges of this project.  
Once, realized that the information was not published in official Catalan webs, a “ticket” 
was opened in  “Oficina virtual de tràmits” of “Generalitat de Catalunya” asking for a 
source in which this information could be found but never had response. 
Finally, thanks to the Nautical Engineer Albert Altés Esbrí, who provided some marine 
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charts of the studied zone from “EL instituto hidrográfico de la marina”, the sea depth of 
the zone of interest could be studied, obtaining values between 40 and 60 m. [4] 
  
 
 
Figure 6. Tarragona’s sea depth. Source: Instituto hidrográfico de la marina [32] 
 
Analyzing the marine charts, it was seen that closer to the chosen location there was a 
submarine pipeline, this is something that will have to be taken into account in the 
moment to decide the exact location of each turbine.  
The two lines that surround the pipeline, delimit the zone in which it is not able to anchor.  
It is necessary to comment  that obviously it this wind farm was build, it would be 
necessary to signpost it in marine and aerial charts.   
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7. STUDY OF CHOSEN LOCATION 
 
Once the zone has been decided, it is necessary to concrete the exact location in which 
the wind farm is pretended to be built, whit all its properties.  
In order to analyze the zone “El Atlas Eólico” from “Instituto de la Diversifiación y Ahorro 
de la Energía” has been used.  
Whit this program a polygon of five vertex has been designed, which delimits the 
analyzed zone and from this zone 10 coordinate dots have been studied. 
 
 
 
Figure 7. Coordinate dots for farm location. Source: Eolian Atlas 
 
 For each coordinate, several factors have been studied, such as the frequency of 
every wind direction, the average of the wind speed in each direction and the parameters K 
and C from weibull.  
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An example of this study would be:  
 
Table 3. Exemple of the studied coordinates. Source data: Eolian Atlas 
 
Analyzing the 10 coordinate dots, is has been seen that in all cases the predominant wind 
comes from the directions: WNW, NW and NNW. This is a significant fact in order to decide 
which is going to be the orientation of the turbines in the park given that they must be tracked 
perpendicularly to the predominant wind direction. This information will be transferred to the 
external assessor given that she is who is going to decide the orientation and disposition of 
each turbine.  
The average of wind speed per each case has been obtained calculating the weighted 
average per coordinate, obtaining the following results: 
 
Coordinate 1 2 3 4 5 6 7 8 9 3’ 
Wind speed 
(m/s) 
5,2 5,43 5,59 5,79 5,43 5,78 5,83 5,46 5,52 5,46 
Table 4. Wind speed weighted average for each coordinate. Source data: Eolian Atlas 
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Given that all coordinate dots present similar characteristics, the perfect choice would be to 
install the generators as close as possible from the coast, so that energy transportation costs 
would be lower. But as it has been said in chapter 2, there are some other factors that must 
be considerate, so, once the capable and non-capable zones have been studied more in 
detail, it has been seen that not all the coordinate dots selected are in a capable zone, 
obtaining the following result: 
 
 
Figure 8. Coordinate dots and capable zones from location. Source: Eolian Atlas 
 
In order to find a balance between the proximity from the coast and the available and not-
available zones, an area of approximately 2 km2 has been chosen. In which the external 
assessor will decide the exact place of each generator taking into account the capable zone 
with environmental conditions (yellow zone).  
In order to provide the information to the external assessor, some UTM coordinate points 
from the perimeter zone have been informed: 
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Figure 9. Final location for the offshore wind farm. Source: Eolian Atlas 
 
 
Coordinate 
UTM 
A B C D E F 
860449 861549 860949 859849 857749 858549 
4557166 4558466 4559666 4560166 4557866 4557166 
Table 5. UTM Coordinate for the final zone. Source data: Eolian Atlas 
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8. ANALYSIS OF TURBINE MANUFACTURERS  
 
As it was said in chapter 1.3. the candidate manufacturers were Siemens, Vestas, Bard and 
Gamesa. Most of them, offer more than one generator model; for each manufacturer it has 
been chosen the model that fits better with the conditions of the chosen zone.  
 
Manufacturer Model Maximum power Rotor diameter 
Siemens SWT 3.6 MW 120 m 
Vestas V105 3.3 MW 105 m 
Bard 61* 5 MW 122 m 
Gamesa G128 5 MW 128 m 
 Table 6. Candidate turbine models. Source data: [19],[20],[21],[22] 
Considering the three coordinate dots that delimit the definitive design zone, the average 
wind speed will be approximately of 5 m/s and as it has been said it is not expected to have 
severe environmental conditions often so turbines of 5 MW of maximum power are 
considered excessive. This is why candidate turbine manufacturers will be reduced to 
Siemens and Vestas.  
 The main characteristics for selected generators from Siemens and Vestas are the following: 
Characteristics Siemens (SWT-3.6MW) Vestas (V105-3.3 MW) 
Maximum Power 3.6 MW 3.3 MW 
Cut-in wind speed 3 m/s 3 m/s 
Cut-out wind speed 25 m/s 25 m/s 
Rotor diameter 120 105 
Swept area 11.300 m2 8.659 m2 
Blade length 58.5 m 51.5 m 
Electrical frequency 50/60 Hz 50/60 Hz 
Air density 1,12 kg/m3 1,12 kg/m3 
Table 7. Main characteristics of finalist turbines. Source data: [19],[20] 
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In order to decide which manufacturer is going to be used some concepts must be studied, 
such as power curve and Weibull progression curve 
In the wind Industry it is very important to be able to model wind speed variations especially 
for turbine manufacturers which can adapt their product to the wind resource, this variations 
are described by Weibull progression curve.  
 
Graphic 9. Weibull distribution. Source: Author 
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In which parameter V refers to wind speed, C is a scale factor which is closely related to the 
average wind speed, so the higher factor, the windier place and shape factor k, which 
indicates if wind speeds tend to approximate to a concrete value or if they don’t; this factor 
ranges from 1 (exponential function) to 3 (normal function). [5] 
In fact, there is a third factor, called the location parameter (µ) which is usually set to zero as 
it happens in case of studying wind distribution. If this parameter was taken into account, the 
equation would be the following: 
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In order to find the values for K and C for the study, 9 coordinate dots from the final zone 
have been studied, using the coordinate provided to the external assessor and adding three 
more: 
 
 A B C D E F G H I 
c 
(m/s) 
6.29 6.21 6.01 5,83 6.16 6,27 6.13 6.05 6.16 
k 1.658 1.66 1.663 1.666 1.658 1.657 1.665 1.663 1.661 
Table 8. Weibull parameters for coordinate dots from A to I. Source data: Eolian Atlas 
 
Given that the intention of the study is to know approximately the energy production in the 
studied zone, in order to know the Weibull distributions for the two candidate turbine models 
the taken values are going to be the average of the values given for the nine coordinates: 
C= 6,123 m/s K= 1,661 
It is necessary to mention that these values allow obtaining a good approximation of the 
variation of wind speeds, which, even though is not an exact science, allow us to execute our 
study.  
For both of them, the generated power for different wind speeds has been calculated using 
the following expression: 
  
 
 
         
  
In which P is the power generated, ρ is the air density A is the swept area and v the wind 
speed.  
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Having as a result what is seen at the graphic below (Power in [KW] and speed in [m/s]) 
 
Graphic 10. Power curve for Siemens and Vestas. Source: Author 
 
Analyzing the graphic, it is confirmed that in both cases generators start producing energy at 
3 m/s, reach the maximum power at approximately 12 m/s and stop producing when wind 
speed is higher than 25 m/s.  
The intent of studying this two concepts Is to find a model in order to quantify the amount of 
energy produced per one turbine in one year, and this is the result of combining Weibull 
curve (which shows the probability for the wind to blow at a certain speed), power curve 
(which gives the amount of power that generates the turbine when wind blows at a certain 
speed) and the 8.760 that has one year.  
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Table 9. Calculation of Siemen’s energy production. Source: Author 
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Table 10. Calulation of Vesta’s energy production. Source: Author 
 
Obtaining the following results: 
 
Turbine manufacturer 
Turbine’s energy 
production/year 
Siemens SWT 7.914,12 MWh 
Vestas V-105 6199,43 MWh 
Table 11. Turbine’s energy production without losses. Source: Author 
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Knowing both turbine’s energy production is not enough to have a final decision. An 
exhaustive analysis of turbine’s structures and their costs has been done.  
 
 
Figure 10. Main parts of an offshore turbine. Source: NREL [23] 
 
Even tough the turbines will be bought to a manufacturer, in order to have a better 
judgment with the election, it is completely necessary to study the main components 
of an offshore wind turbine, which are: 
 Blades: Varying in length up to more than 60 meters, blades are manufactured in 
specially designed molds from composite materials, usually a combination of glass 
ﬁbre and epoxy resin.  
 
 Rotor hub: Made from cast iron, the hub holds the blades in position as they turn. 
 
 Rotor bearings: Some of the many different bearings in a turbine, these have to 
withstand the varying forces and loads generated by the wind. 
 
 Main shaft: Transfers the rotational force of the rotor to the gearbox. 
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 Gearbox: Gears increase the low rotational speed of the rotor shaft in several stages 
to the high speed needed to drive the generator (which is approximately of 1.500 rpm). 
When it comes to gearbox, there are many possible configurations, the chosen models 
from Siemens and Vestas have opted for three stage planetary and two stage 
planetary gearbox respectively. 
  
 
 
 
 
 
 
 
It is necessary to comment that gearbox is a source of failures and defects in many wind 
turbines, increasing this way, O&M costs. In order to avoid this kind of failures, direct 
drive turbines have been designed which increase the efficiency because power is not 
wasted in friction and have a longer lifetime. 
 
 Brake system: Disc brakes bring the turbine to a halt when required. 
 
 Generator: Converts mechanical energy into electrical energy. Both synchronous and 
asynchronous generators are used.  
In both studied models, generator is asynchronous; the main characteristic of these 
generators is that speed varies with the turning force applied to it. This means that 
there will be less tear and wear on the gearbox. 
 
 Power converter: Converts direct current from the generator into alternating current 
to be exported to the grid network. 
 
 Nacelle: Lightweight glass ﬁbre box covers the turbine’s drive train. 
Figure 11. Three-stage planetary 
gearbox. Source: Wind turbine, Eric 
Hau. [24] 
Figure 12. Two-stage 
planetary gearbox. Source: 
Worldnews [25] 
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 Yaw gear: Mechanism that rotates the nacelle to face the changing wind direction. 
 
 Tower: Range in height from 40 meters up to more than 100 m. Usually manufactured 
in sections from rolled steel; a lattice structure or concrete are cheaper options. 
 
 Transformer: Converts the electricity from the turbine to higher voltage required by 
the grid. 
 
It has to be considered that some of the energy generated by wind speed might be lost while 
going through the process and arriving to the grid. 
The information for these losses is quite limited, but is has been standardized that the action 
of the gearbox  causes loses of 4,5% of the energy while generator causes loses of 5,5 %.  
This way, it has been assumed a total efficiency of 90%, so final energy production is: 
Siemens: 
                                             
Vestas: 
                                             
 
In order to have a good prediction of initial costs for the two  turbine models, it has been tried 
to contact with Siemens and Vestas manufacturers so that they could give an orientation of 
the cost of their product, but given the unsuccessful intent, different sources have been 
contrasted in order to approximate these costs [ 6 ]. Finally, a cost per MW has been 
standardized, from which, knowing the maximum power of each turbine and the percentage 
of the global cost that represent the main parts of the turbine. The following results have 
been obtained.  
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Table 12. Breakdown of Siemens turbine’s costs. Source: Author 
 
Table 13. Breakdown of Vestas turbine’s costs. Source: Author 
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National Renewable Energy Laboratory also offers an exhaustive costs model for turbine 
main parts. It consists on a reliable tool for estimating the cost of wind-generated electricity 
and has been built from work originally done by University of Sutherland under a United 
Kingdom Department of Trade and Industry Study and work performed for the U.S. 
Department of Energy (DOE) under its Wind Partnerships for Advanced Component 
Technology (WindPACT) projects. [28] 
This costs model has also been studied in order to contrast the results with the given below. 
This way, the second model costs offers the following results: 
 
 
Table 14. Second model for breakdown of Siemens turbine’s costs. Source: Author 
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Table 15. Second model for breakdown of Vestas turbine’s costs. Source: Author 
This second model offers capital turbine’s costs that are 22,63 % lower in case of Siemens 
and 29.79% lower in case of Vestas.  
These costs differences have not been considered exorbitant given the volatility of market 
factors beyond the scope of this work.  
To continue with CAOEX costs, the first model has been chosen in order to consider the 
worst state.  
In order to decide which manufacturer is going to be chosen it is necessary to know the 
benefits that each one is going to generate per year and compare it with the capital cost.  
OMIE publishes the actual price of the electricity in Spain and Portugal markets actualized 
every hour. This is called price “pool”. In addition, it publishes data of the average price pool 
per every month and year.  [7] 
Quite obviously, in order to have a more precise approximation of the amount of money that 
will be generated with the energy production; and even though 2014’s data of the evolution of 
the energy price has been published until May of this year, annual average of 2013 will be 
taken as the reference value because it is what better approximates the amount of money 
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that might be generated per year nowadays.  
 
Graphic 11. Fluctuation of energy Price in the past years. Source: OMIE [7] 
 
The average of energy price per 2013 is of 56,87 €/MWh. With this value, the following 
calculations have been done: 
 
 Difference of energy production between Siemens and Vestas: 
                                                        
 Difference of wealth earned between Siemens and Vestas 
               
      
   
             
 Difference of turbine’s capital cost between Siemens and Vestas 
                                                    
This  calculations are useful in order to have an idea of the main differences between one 
turbine and another, but they obviously don’t permit to have a final decision of which turbine 
manufacturer must be chosen. 
In order to be able to make this final decision, it is necessary to calculate the economics 
parameters VAN and TIR for both options which take into account many other parameters.  
 
As a conclusion of this chapter, two finalist manufacturers have been studied and their 
investment costs have been provided (joined by foundation costs and installation and 
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transport costs, as it will be seen in following chapters) to an external assessor, who will 
make a detailed study of NPV and IRR which will be studied afterwards in order to choose de 
the final manufacturer. 
 
9. CHOICE OF FOUNDATION TYPE  
 
As it has been said in chapter 3, sea depth for the chosen zone oscillates between 40 and 
60 m. This fact leads two available type of foundations to be used: jacket and floating 
foundations. Given that other types are recommendable for lower depths.  
Floating foundations, also described in chapter 3 are still in an evolution phase. Some 
pilot offshore wind farms have already been installed. But even though predictions say 
that floating are the foundation of the future, they have been rejected for this project 
because of the ignorance of its results.   
 
Instead, jacket foundations (three and four leg jackets) which have for many years been 
widely used in the offshore oil and gas industry, are recommended for this kind of sea 
depth. They use to be made of steel and cost around 5 euros per kilo steel to 
manufacturer. They are quite expensive because of the tubular joints which are welded 
manually, but they are profitable when they are build in serial production. 
 
A recent innovation is “twisted jacket” which uses les steel than a conventional jacket and 
has fewer components. Installation costs could well be lower because potentially more 
units can be fitted onto and installation barge due to its relatively small footprint 
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, 
 
 
Althouh twisted jacket seem to be the best option for this project, something similar to gravity 
foundations happens. This kind of foundation are still in a development phase.  
In 2011, the first meteorological mast in the Hornsea Zone was installed, using the world’s 
first "twisted jacket" foundation for the offshore wind industry, which was designed by 
Keystone Engineering. As it has been said before, this twisted jacket promises to 
significantly reduce foundation CAPEX costs [8]. 
Members of Keystone Engineering affirm that the shift in weight from complex jacket type 
construction to simple tubular construction makes the structure cheaper to fabricate. This, 
coupled with the fact that there are a fewer number of pieces to assemble and the fact 
that most of the work is done at ground level allow for a faster, cheaper fabrication. 
Even though this project has developed in a successful way, there aren’t many other 
registrations of OWF using this kind of foundations so choosing this foundation nowadays 
seems still quite risky. 
This is why usuall jacket foundations have finally been chosen form which Ramboll is going 
to be the manufacturer.  
 
 
 
Figure 13. Jacket foundation. Source: C-Power 
[26] 
Figure 14. Twisted jacket foundation. Sorurce: 
KeystoneEngineering [8] 
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This company is an expert in jacket design: 
They have 30 years of Oil & Gas jacket foundations experience and also have been involved 
in more than 20 detailed design projects of substructures for offshore wind farms. The total 
number of substructures is approximately 1.100, and even though mostly of them are 
monopole foundation, the combination of their Oil & Gas jacket foundations with their market 
leading experience in design of substructures for the offshore wind market turn Ramboll to be 
a powerful manufacturer for this kind of foundations. [9] 
Following the study form Douglas-Westwood which establishes that a jacket foundation may 
cost 80.000 €/MW the following foundations costs have been established:[10] 
 
Siemens Vestas 
288.000 € 264.000 € 
Table 16. Foundation costs. Source: Author 
The fact of relating the cost of foundation with the MW capacity of the turbine is logic 
because in most of the cases the capacity of the turbine is proportional to its size and the 
size of the turbine is obviously related to the size and so, to the price of the foundation.  
 
 
 
 
 
 
Technical and economic feasibility of turbines and foundations of an offshore wind park at the Catalan coastline Page 47 
 
10.  INSTALLATION AND TRANSPORT OF TURBINES AND 
FOUNDATIONS 
 
One of the most strategic phases of the design of an offshore wind farm is the chosen 
configuration in order to transport each part of the wind turbine and foundation and to decide 
when and where each part will be joined with the others.   
As it is known, an offshore turbine is formed by many different components: the tower, the 
nacelle, the blades... and all of them aren’t always supposed to be transported together from 
the coast to the location of the park. In fact, in most of the cases they are transported 
separately and finally joined in the park’s location.  
In order to decide, which is the which is the best alternative in order to transport all turbine 
and foundation components, eight different configurations have been studied [11]: 
 
OPTION Description Pros and Contras 
1 
Installation of the four components 
separately 
 Increase in time and storage 
costs 
 Mounting nacelles offshore is time 
consuming 
 Personnel risk during rotor 
installation 
 Several small vessels  
2 
Installation of the foundation followed by 
pre-assembled tower and nacelle, rotor 
separately 
 No more than two pre-assembled 
towers can be transported 
simultaneously. 
 Installation can be executed from 
the barges. 
3 
Installation of the foundation first, 
followed by the tower and the assembled 
rotor and nacelle. 
 One transport vessel must be 
used for each pre-assembly 
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4 
Installation of the pre-assembled 
foundation and tower, followed by the 
nacelle and the installation of the rotor. 
 For the transport, is no valid for 
monopod foundation types. 
 Transport the foundation and 
tower separately (maybe on the 
same barge) and connect the 
parts before installation 
 Useful for Jacket foundations 
5 
Installation of the pre-assembled tower 
and foundation first, followed by the pre-
assembled nacelle and rotor. 
 Combination between options 3 
and 4 
6 
Installation of the pre-assembled 
foundation, tower and nacelle, followed 
by the installation of the rotor. 
 The installation time is reduced. 
 The total mass of the pre-
assembled structure will be high. 
7 
Installation of the foundation, followed by 
the pre-assembled tower, nacelle and 
rotor. 
 Need for vertical transport 
 Transportation speed is low 
8 Installation of theturbine as a whole 
 Need for special vessels 
 A maximum of two complete pre-
assembled wind turbines can be 
transported simultaneously. 
Table 17. Installation and transport configurations. Source data: Offshore wind farms. Analysis of 
Transport ant installation costs [11] 
 
As it is seen in the table below, all configurations distinct for the transport four main 
components that can be pre-assembled or not, these are:  
o Fundation 
o Tower 
o Nacelle 
o Rotor 
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From the eight configurations, the second and the third one have been considered the most 
appropriated, because transporting the four main components separately (as indicates the 
first configuration) may cause too large installation time and, on the other hand, pre-
assembling foundation and tower (as it is proposed in configurations from 4 to 8) may cause 
many complications when it comes to the way of transporting the components. Even so, it is 
necessary to comment that in case of having special hurry for the park to be build, options 
from 4 to 8 would be taken in consideration.  
 
In order to have a final decision between configurations 2 and 3, their pro’s and con’s have 
been taken in consideration: 
 
 Configuration 2 Configuration 3 
PRO’S 
 More rotors could be 
transported on one vessel 
 No offshore installation time 
required for the nacells 
 Installation can be executed 
from the barges 
 No offshore installation time 
required for the rotor 
 Less difficulty in handling and 
mounting of nacelle-rotor assembly  
 Relatively low mass of components 
(up tp 390 MT) to be lifted up to 
height of 100 meters. 
CON’S 
 Difficult handling/mounting of 
rotor components 
 Vulnerability of rotor during 
installation offshore 
 No more than two pre-
assembled towers can be 
transported simultaneously 
 Relatively high mass of 
components (up to 510 MT) to 
be lifted up to a height of 100 
meters.  
 One transport vessel must be used 
for each pre-assembled nacelle-
rotor 
 Large installation time for junctions 
of tower and nacelle. 
 Logistic sophistication in 
handling/supporting the structure 
during the transport.  
Table 18: Candidate configuration for installation and transport. Source: Offshore wind farms. Analysis 
of Transport ant installation costs [11] 
The risk of damaging the rotor during the installation offshore is the main factor that has 
caused the election of Configuration 3 for this project. Another reason has been that, even 
though configuration 3 may cause larger installation time, it might have more simple vessel 
structures because of its less mass of components being lifted.  
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Following the chosen configuration and taking into account that, as external assessor 
indicates, that OWF will consist of three rows installed in series. The following transport and 
installation strategy has been made: 
Two construction vessels will be needed for foundations and turbine installation (barge 
transport has not been considered necessary because of the proximity to the coast, knowing 
thanks to the external assessor that the farthest turbine is situated 3,53 km from the coast). 
The first vessel will install the five foundations in the farthest row from the coastline, while the 
second will be waiting in the harbor until the first vessel finishes working on the first row. After 
that, it will start installing and assembling the other parts of the wind turbine, which, according 
to the chosen configuration, will start installing the tower and then the pre-assembled nacelle 
and rotor. After finishing his work, the first ship will install the second row of the park, as it will 
have completed the installation works before the second vessel; while the second vessel will 
return to the harbor after finishing its works at the first row. 
In order to estimate the characteristics of construction vessels, some aspects might be taken 
into account, such as: 
 
 Jacket foundations may be transported upright, so that the minimum transporting area 
of one unit will be limited by its base size. 
 Towers are expected to be transported horizontally, so construction vessels might 
have at least 90 meters of long transport area. If it was no possible, another option 
would be to subdivide the tower into flanged sub-sections.  
 The rotor diameter will be around 120 meters, so very large and/or wide construction 
vessels should be used to transport a three-bladed rotor. Another option would be to 
transport the blades separately and to connect them to the hub prior to installation. 
 
 In this chapter, an installation model cost developed by S.A Hermann [11] is used although 
some simplifications have been done and some parameters and time estimations actualised. 
The model does not include the cables installation costs. 
According to this model, the installation costs for the foundation and the assembly of the 
tower, nacelle and rotor for a smaller than 5 MW wind turbine is given by the following 
equation: 
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      (
     
 (    )
              )        
Where twork is the time (in days) required to install one structure using one vessel, tfixed is the 
extra time needed to load the structure onto the vessel, to position the wind turbine and to 
mobilise to the next position and tdelat is an extra time that must be considered because of 
possible delays. The probability P(work) is the probability of the vessel to operate due to 
good weather conditions. Mob represents the costs of mobilising all the construction vessels 
required for the installation from their initial location to the harbour in Tarragona. This 
mobilisation is usually included in the price of the vessel rent, thus in this case, the parameter 
Mob will not be taken into consideration in this model. 
It has to be mentioned that these work installation periods depend on a number of factors, 
such as the foundation type and weight, water depth, distance from shore, seabed 
conditions, type of transport used and the layout of the offshore wind farm. There are also 
commercial factors affecting the price of the installation of offshore wind farms, such as the 
vessel availability, the amount of risk associated with the weather and the contracting 
strategy, but these have not been taken into account here. 
The largest cost in an offshore wind park construction is the vessel day rate. This information 
has been extracted from Douglas Westwood. Offshore wind assessment for Norway which 
determines that for crane barges or jack-up vessels this rate is currently around 120,000 
€/day (including fuel costs if the offshore wind farm is not further than 10 km). 
It also has to be taken into account that downtime for bad weather and poor sea conditions 
can be extremely expensive when installing an offshore wind farm. This is the reason why it 
has been decided that the installation of the wind farm will be undertaken during the spring 
and summer seasons. Thus, it has been chosen a probability of good weather and sea 
conditions of 75% ( (    )      ). A 25% weather related downtime is a common rate 
used by Project Managers. Also the Douglas Westwood Institute uses this value for 
installation time estimations. 
Since the cost model considers that the installation time rate per turbine accounts for 
between one and two days per Jacket foundation and one day per turbine installation (if the 
size is lower than 5 MW, which is our case) the factor    
     
 (    )
 takes a value of 
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Extra time (tfixed) has been approximated to 0.5 days due to the proximity of the harbour 
to the wind farm location (a maximum of 3.53 km at the furthest turbine). The possible 
delay (tdelay ), has also been approximated to 0.5 days.  
The report conducted by Douglas Westwood considers that the foundation installation 
takes a net 2.8 vessel day rate per turbine for non-monopod foundations, while the 
turbine installation takes 2.5 net vessel days, yet accounting a total of 5.3 days per 
turbine installation. However, this assumptions are already based on a 25% weather 
related downtime, thus accounting also 
       (    )                                  Thus, it is considered that both the 
model developed by S.A Herman and the Douglas Westwood Institute provide valid 
vessel day rates. In order to find an intermediate value between one model and another 
final twork=3,5 has been taken.  
With all this “standard” parameters fixed, and in order to opt for the most secure option, 
some Siemens parameters have been increased because of its higher dimensions and 
mass, considering the “standard” values for Vestas’s turbines. 
 The altered parameters have been: 
o twork: considering that this value oscillates between 3 and 4 days, the worst 
option has been considered for Siemen’s turbines. This way, twork=4 days 
o ttransport: this has been considered the most alterable parameter because in 
this time 18 turbines are supposed to be transported together, so the global 
difference of dimensions and mass between one type of turbine or another 
would be more noticed. This way, ttransport=9 days 
o Q: vessel day rate has also been altered, due to the possibility of requiring 
a biggest vessel because of the biggest dimensions of Siemens turbines. 
This way, Q=125.000 €/day 
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This way, turbine’s installation and transport costs have been calculated twice, one for 
Vestas turbines and another one for Siemens: 
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Given the desire to approximate the cost of foundations and turbines transportation, but 
not from coast to the zone of the farm but from Denmark (from which foundations and 
turbines would be provided) to Tarragona. After consulting different sources, the proposal 
from a member of “El instituto hidrográfico de la marina” [32] has been assumed as the 
correct one, which estimates that all foundations and turbines could be transported by an 
special vessel and that it would take 6 days to arrive to Tarragona.  
This special vessel, fulfils the following characteristics: 
o Rental cost: is approximately 80.000 $/day 
o Consumption: this kind of vessels consume between 15 and 17 tones/day 
With this characteristics and taking into account the following conversions: 
o Fuel cost: 650$/tone of fuel 
o Money conversion: 1€=1,36$ 
 
The following calculations have been done (“punishing” once again Siemens turbines 
in front of Vesta’s this time, considering the higher fuel consumption for Siemens and 
the lower for Vesta’s).  
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This way: 
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In order to join both costs it is necessary to standardize them, this way, taking into account 
that it is expected a period of 6 days for the vessel to go from Denmark to Tarragona and 
having 18 turbines, the price per turbine would be:  
                     
 
   
 
      
           
          
 
       
 
                      
 
   
 
      
           
          
 
       
 
 
11. CAPEX COSTS 
 
11.1. Turbine and Foundation CAPEX costs 
 
Once turbines and foundations have been studied. their CAPEX  costs have been provided 
to the external assessor so that she can add them to global costs (considering that there are 
eighteen turbines and consequently, eighteen foundations): 
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VESTAS 
 Turbine 55.123.200 € 
Jacket Foundation 4.752.000 € 
Turbine and 
foundation 
installation & 
transport 
12.240.000 € 
Transport from 
Denmark 
395955,9 € 
TOTAL 72.511.155,9 € 
Table 19. Capital costs for Siemens turbine and foundations. Source: Author 
 
SIEMENS 
 Turbine 60.134.400 € 
Jacket Foundation 5.184.000 € 
Turbine and 
foundation 
installation & 
transport 
14.250.001,86 € 
Transport from 
Denmark 
401.691,24 € 
TOTAL 79.970.093,1 € 
Table 20. Capital costs for Vestas turbine and foundations. Source: Author 
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11.2. Cables costs 
 
11.2.1. Electrical Infrastructures 
 
When calculating the cost of the electrical infrastructures it has been considered the options 
of installing an offshore substation ore using the existing onshore one in Tarragona.  
After comparing these two options, external assessor has decided not to build an offshore 
substation, because of its huge investment. Then, electrical infrastructure costs would be the 
following: 
 
 
 SIEMENS VESTAS 
Array cables 
interconnecting 
turbines 
1.817.460,24 1.093.392,40 € 
Array cables to 
shore and to the 
onshore 
substation 
6.000.105,00 3,866,310.00 
TOTAL (€) 7.817.565,24 4.959.702,47 
Table 21. Electrical Infrastructures costs. Source: External assessor 
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11.2.2. Installation and transportation costs 
 
In order to complete CAPEX costs, there is a crucial part missing, cables costs and their 
installation.  
As external assessor has informed, cables are manufactured onshore and transported on a 
lay vessel to the location of the farm. While transporting them to final location, they unrolled 
and layed through the submarine ground while another equipment bury them under the 
seabed. 
In fact, buried depth is one of the factor that can make significant increase in cables costs,. 
Installing cables may last around six and twelve months, but it would be installed at the same 
time of installation of the turbines (just before installing foundations).  
The installation of a unrolled cable takes approximately one day while simultaneous burial 
may take 1,5 days per cable.  
In case of this project, there are 15 cables (between wind turbines) in the 59.4 MW offshore 
wind farm. 
The following table shows the total amount of cables installation costs; it is considered that 
the vessel rate reaches 73,300 € per day, as it is informed in the 2013 Douglas Westwood 
report. 
Row number 
(park layout) 
Interconnected 
wind turbines 
Array 
installation 
(days) 
Burial (days) 
Total 
installation 
price 
1 5 4 6 733,000 € 
2 7 6 9 1,095,000 € 
3 6 5 7.5 912,500 € 
From turbines 5, 
17 and 18 to shore 
123,320 €/Km 8 km 
 
986,400 € 
  TOTAL (€)  3,726,900 € 
Table 22. CAPEX costs for cables installation. Source: External Assessor 
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11.3. Final  capital costs (CAPEX) 
 
Finally, total CAPEX costs of the project, are the following: 
CAPITAL COSTS SIEMENS (SWT- 3.6 MW) VESTAS (VT105- 3.3 MW) 
Wind turbine 60.134.400 € 55.123.200 € 
Foundation 5.184.000 € 4.752.000 € 
Electrical infrastructure 7.817.562,24 € 4.959.702,4 € 
Transport and installation 
costs 
18.378.593,10 € 16.362.855,90 € 
Planning 592.146 € 592.146 € 
Decommissioning 6.000.000 € 6.000.000 € 
TOTAL CAPITAL COSTS 92.106.704,34 € 81.789.904,30 € 
Table 23. Total capital costs. Source: External assessor and author 
 
In which, transport and installation costs join turbines and foundations costs with cable 
installation costs. 
Planning considers market study, legislative factors and the cost of the design and analysis 
of the design of the wind farm and has been provided by external assessor.  
And decommissioning contemplates the future remove of the offshore wind farm. 
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12. OPEX COSTS 
 
Operation and maintenance costs (O&M) have been fixed to 
22 € /MWh following Middelgrunden estimation, which says 
that for an offshore wind farm of 40 MW, O&M costs are 
around 13 and 20 €/MWh per year. [29] 
This costs may be annually actualized with the inflation rate.  
This costs will be taken into account when calculating NPV 
and IRR.  
 
13. FINAL DISPOSTION OF THE TURBINES 
 
Once given the final location to the external assessor, she decided the final disposition of the 
turbines considering the effect of the wake factor which outlines majors consists in the effect 
caused by the functioning of turbines:  
When the turbine extracts wind energy, it leads a wake characterized by reducing wind 
speed and increasing its turbulence. If a turbine is affected by wake factor caused by another 
turbine, it produces low energy than if it interacted with natural wind. [18] 
This way, it is necessary to study the exact disposition of the turbines so that they are not 
affected by the wake factor caused by their nearby turbines, and also considering that the 
increasing distance between turbines, will raise electric cable costs.  
With all this considerations, external assessor has provided the following distribution: 
 
Figure 15. Turbine maintenance. 
Source:  COMSAEMTE [30] 
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Figure 16. Final disposition of turbines in the farm. Source: External assesor 
 
As it is seen in the picture, 18 turbines have been disposed in three lines, generating 59.4 
MW. It is observed that two turbines are situated in a capable zone with environmental 
conditions (yellow zone), as it has been said in earlier chapters, this means that the zone is 
capable to afford the installation of the turbine but its environmental conditions might be 
studied carefully.   
Even though it will not be studied in this case, if the installation of the farm was really carried 
out, it should be studied which environmental conditions make this zone to be “yellow” and 
not “green” and then use all available means to respect them.  
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14. STUDY OF THE NOISE ORIGINATED BY TURBINES 
 
The intention of this chapter is to study the impact of the noise that would generate the e g 
The following table, shows the amount of dB for different colloquial situations based in the 
information provided by “National Institut of Deafness and Other Communication Disorders 
“(NIDCD). [12] 
Noise’s 
level 
Border of 
hearing  
Whisper Usual 
conversation 
Urban 
traffic 
Car’s horn Rocket 
takeoff 
dB 0 30 60 90 120 180 
Table 24. Noise (dB) levels. Source data: NIDCD [12] 
Catalan legislation according to decree 176/2009 limits noise at zones of sensible acoustics 
at 50 dB. [13] 
Denmark, is one of the most immersed countries with wind energy, it’s conditions with noise 
are quite strict; they establish a requirement for a setback distance of 4 x total height of the 
turbine in order to not exceed noise levels.  
In order to have a more precise notion of the noise caused by turbines, Danish Wind Turbine 
Association offers a “Sound Calculator” in which, introducing Turbine Source (dB) and 
distance of study (m) it calculates the resulting sound at a particular case.  
In this particular case, the following data has been introduced: 
o Turbine’s noise source: Vestas manufacturer claims that the maximum 
source reachable for a turbine of the studied characteristics is of 107,5 dB. 
In this case, this value will be assumed equal for Siemens and Vestas 
turbines.   
o Distance of Study: given that turbines of the farm are at different distance 
of the coast, there was the intention to take the value of the closest one in 
order to analyze the worst case. But the application itself does not let to 
introduce values higher than 1.000 m because it considers that at larger 
distances noise caused by turbines is insignificant. This is already a good 
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sign considering that closest distance to the cost of the studied farm is 3,5 
km. This way, the study has been done with 1.000 m distance.  
 
 
Figure 17. Noise emitted by offshore turbines. Source: Danish wind industry association [5] 
 
As it is seen in the figure below, joining ten turbines emitting the heaviest possible 
noise and being at 1.000 m of distance, the global resulting sound would be 46.008 dB 
(under the top Spanish permission of 50 dB).  
This calculation permits to affirm that the designed wind farm might never reach the 
sound limit close to the coast.  
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15. ENVIROMENTAL ANALYSIS 
 
15.1. Wind Energy in Europe 
 
In 2012 106 GW of wind power where installed; this represents a 7% of the electricity 
demand in EU, which means powering 60.8 million households per year. This amount of 
wind power is expected to grow until 230 GW in 2030 and 735 GW in 2050. [1] 
Translating this facto to the tones of CO2 that haven’t been emitted in 2012:  
 
 
Figure 18. CO2 saved emissions in 2012. Source: EWEA [1] 
 
This analysis and estimations include onshore and offshore wind energy. Taking into 
account only offshore wind energy production: 
In 2012 4.995 MW where installed, which represents 4,71 % of the total wind power 
installed, this means that offshore installations are still in stage of development. In fact, it 
is expected to have 150 GW installed in 2030, which would represent a 65,22 % of the 
total expected power installed.  
 
As a conclusion of this section, EWEA offers a visual drawing of the evolution of climate 
change. 
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Figure 19. Evolution of climate change. Source: EWEA [1] 
 
 
15.2. Wind Energy in Tarragona’s Offshore wind farm 
 
According to previous calculations, Vestas-105 turbine’s average production is 5.789,27 
MW/year. The external assessor has confirmed that there will be 18 turbines in the offshore 
wind farm, each one with its own coordinates. Taking into account the global production of 
the wind farm and considering the loss of wake factor, the global production is of 130.586,26 
MWh/year. 
Thanks to the information obtained by “ComparaTarifasEnergia.es” The medium 
consumption in a medium hearth (2,71 people) is of 3250 KW/year. This means that the park 
would be able supply energy for 40.180 hearths. [14] 
As it is known, the energy produced by an offshore wind farm is free of CO2 emissions. On 
the other hand, if this Energy was produced with the actual electrical mix, each MWh 
produced would have accompanied by an amount of CO2 emission.  In order to quantify the 
reduction of the emissions of CO2 caused by the installation of this offshore wind farm the 
following calculations have been done: 
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The Catalan web “gencat.cat” informs that per every kWh generated, 181 grams of CO2 are 
emitted to the atmosphere, according to the actual energetic mix of the Iberian Peninsula.  
The concept “energetic mix” represents the emissions associated to the electrical generation 
connected to the national network required to cover the consumption.  
This is why the proportion of g CO2/kWh changes in every zone. In fact, the more renewable 
energy is used, the more reduces the proportion, because it contemplates renewable and 
non-renewable energy. [15] 
Then, the following calculation has been done: 
               
       
    
  
         
   
  
       
          
                        
This means that with the construction of this park, would permit to save an emission of 
23.636,11 tones of CO2. 
In order to analyze this information in a more familiar way, the amount of CO2 not emitted 
has been compared with the emission of a usual car.  
Making use once more of “gencat.cat”’ information, it is known that: 
 The consumption of a gasoline car (95 or 98) is of: 2,38 kg CO2/liter 
 The consumption of diesel car is of: 2,61 kg CO2/liter 
So, the amount of CO2 saved is equal to: 
 
                      
           
            
     
 = 9.931.138,65 liters of gasoline  
 
                     
           
            
     
 = 9.055.980,84 liters of diesel 
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15.3. Effects of Offshore wind farms on marine wildlife 
 
When it comes to environmental analysis, another important matter has to be taken into 
account which is the different effects of offshore wind farms on marine wildlife. [16] 
In order to study this effects it is necessary to distinct between the two main phases of the 
operation of an offshore wind farm, this are: 
 Construction phase, in which the main pressures come from:  
o Acoustic disturbances 
o  Increased sediment dispersal 
 Operational phase, in which pressures mainly come from: 
o Habitat gain 
o  Fisheries exclusion  
o  Acoustic disturbance 
When talking about marine wildlife, it is recommendable to separate marine species in three 
different groups: 
 Marine mammals 
 Fish 
 Benthos (flora and fauna found on the bottom of a sea) 
This distinction is done because of the different pressures effect on a different way per each 
marine species. According to a study done by “IOPsciense” the relation between marine 
species and effect level is the following: 
 
Graphic 12. Construcion pressures. Source data: IOP Science [16] 
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Graphic 13. Operational pressures. Source data: IOP Science [16] 
 
In this studio, a total sum of 3–4 indicates low overall impact, whereas a total sum of 5–6 
indicates moderate overall impact. A total sum of 7–9 indicates high overall impact. 
The indication “(+)” means potential positive impact on marine life from the OWF operational 
phase.  
 
15.3.1. Construction phase 
 
In construction phase pressures, the high scores were associated to extrem noise from pile-
diving which is mainly used in the deployment of OWF based on monopiles or jacket 
foundations. Pile-driving has been observed to cause significant avoidance behaviour in 
marine mammals and is highly likely to cause mortality and tissue damage in fish. 
On the other hand, gravity foundations involve higher impact from sediment dispersal, due to 
dredging 
As a conclusion of this chapter, given that jacket foundations are proposed to be used, it 
would be necessary to have special attention with acoustic disturbance caused by pile-
diving.  
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15.3.2. Operational phase 
 
In the operational phase, three main pressures have been studied, two of them considered 
potential positive on marine life.  
Habitat gain typically enhances local species abundances, which may entail positive or 
negative impacts on conservation and biodiversity values. This so called artificial reef effect 
and is utilized to improve local habitats for supporting biodiversity , tourism, or fisheries. 
Increased species abundances have been observed in several studies close to OWF 
foundations and have typically been associated with positive values. However, a negative 
effect may emerge if the OWF alters local biodiversity patterns and may lead to undesired 
effects, if some species are benefited much more than others. 
Fisheries may be restricted as a consequence of excluding shipping for safety reasons, this 
fisheries exclusion is likely to increase local species abundances by reduced mortality rates. 
Finally, it is important to notice that vibrations in the turbine towers generated by the gearbox 
mesh and the generator typically cause underwater noise of 80–150 dB, at wavelengths that 
are within in hearing range of both fish and mammals. In addition, acoustic disturbance may 
increase due to increased boat traffic for service and maintenance. This may affect on 
marine behavior such as avoidance of the OWF area and possibly a habituation over time.  
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16. ECONOMIC VIABILITY OF THE PROJECT 
 
As it has been said in previous chapters, in order to know the real viability of this project and 
which manufacturer is going to be the most suitable one, an exhaustive study of NPV and 
IRR values has been done. 
NPV (Net Present Value) permits to calculate the present value of a cash flow, coming from 
a first inversion. It compares the present value of money today to the present value of money 
in the future, taking inflation and returns into account. 
This calculation is done with the following formula: 
   (   )  ∑
  
(   ) 
 
   
 
Where: 
 t- is the time of the cash flow (in this case, twenty years) and N the total number of 
periods (N) 
 i- is the discount rate (the opportunity cost of capital, in this case 8% ). 
 Rt- the net cash flow  
 
And IRR (Internal Rate of Return) is used to compare the profitability of investments. This 
value is calculated equalizing NPV to zero: 
   (   )  ∑
  
(   ) 
  
 
   
 
 
For both calculations, the cash flow in year zero (R0) has been the initial inversion (CAPEX), 
and following years have contemplated O&M costs and earned cash flow with the energy 
production with their belonging taxes.  
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This way, obtained values have been: 
 
 SIEMENS (64,8 MW) VESTAS (59,4 MW) 
NPV 19.147.489 € 11.089.181 € 
IRR 14,4 % 12 % 
Table 25. NPV and IRR for Siemens and Vestas. Source: External assessor 
This result shows that in both cases the investment would be recovered in the first twenty 
years, but in case of Siemens, net present value is quit higher than Vestas’s. This 
demonstrates that Siemens is the most suitable manufacturer for this project. 
This way, Siemens has been chosen as the manufacturer for the turbines of this offshore 
wind farm, with the model SWT-3.6 MW. 
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17. PLANIFICATION OF THE PROJECT 
 
In order accomplish with the timings for the project, a planning with “smart sheet” application 
was done: 
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18. COSTS OF HUMAN RESOURCES 
 
Because of the huge investment required for the installation of the farm, it has been 
considered necessary to separate the investment of the farm itself from professional fees 
coming from the work done by engineers to design the park. 
Costs of human resources have been calculated assuming that expenses coming from 
infrastructures (telecommunication and electricity) or from material are carried out by the 
construction company.  
In order to consider all these human resources costs, the project has been divided in 
different parts and each part has been assigned to a kind of worker who has an specific 
salary.  
The following table gathers this datum: 
Concept Worker kind Salary 
(€/h) 
Hours  
(h) 
Cost 
(€) 
Target determination Junior Engineer 15 20 300 
Research of 
information 
Junior Engineer 15 90 1.350 
Normative analysis Junior Engineer 15 70 1.050 
Election of location Junior Engineer 15 90 1.350 
Election of turbines 
and foundations 
Junior Engineer 15 100 1.500 
Installation and 
transport study 
Junior Engineer 15 100 1.500 
Sensitivity analysis External assessor 30 100 3.000 
Turbine’s location External assessor 30 100 3.000 
Report redaction Junior Engineer 15 200 3.000 
Revision Senior Engineer 50 50 2.500 
Total human costs 19.900 € 
Table 27. Investment on human resources. Source: Author 
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19. CONCLUSIONS 
 
Once all design phases for the installation of an offshore wind farm have been done,  many 
different conclusions can be extracted.  
Firstly, is has been observed that the design of an offshore wind farm is much more 
sophisticated than an onshore one, an easy comparison could be made between both of 
them, arriving to the conclusion that offshore farms have the same characteristics than 
onshore, but each one with a higher degree of complexity. Clear examples of that would be, 
turbine’s fastener (referring to the requirement of a concrete foundation design in case of 
offshore farms), the faster material corrosion for being exposed to sea environment, 
underwater grid connection… referring to the complexity of the project, it has been observed 
that a design of a farm of this characteristics requires an exhaustive study of many different 
scopes which, in real life, would lead to a necessity of a complete and varied team of 
experts.  
When it comes to the concrete design of this offshore wind farm; the desire of doing it in 
Catalan coasts has complicated quite more the study than if it was designed in north coast 
(in which most of offshore wind farms are installed) this is mainly because of the lower wind 
speeds and the deeper waters. In fact, some experts affirm that the only Catalan zone that 
would really  be effective in terms of wind speed would be “Cap de Creus” in the north of 
Catalonia but it has been rejected because it is a residential zone, it offers even deeper 
waters and because of its variable frequency of wind speed.  
Choosing the coast of Tarragona has led to not gorgeous wind speed and quite deep water 
but appeared to be the best option given it extensive capable zone, the continuous frequency 
of its wind speed and the closer electric substation.  
Another important conclusion that must be taken into account is the fact that offshore wind 
farm technology is still in phase of evolution, an obvious example would be twisted jacket 
foundation and specially floating foundations, both of them explained throughout the project.  
As long as this type of foundation will be better developed and tested, installation of offshore 
wind farms in deeper waters will become possible, and with it higher wind speed will be 
obtained, more capable zones will be used and visual and resounding impacts will be 
avoided.  
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After analyzing economic viability of two candidate options, it has been seen that Siemens 
was generating more benefits, so it has been chosen as the final option.  
This way, definitive offshore wind farm is of 64,8 MW with a net present value of 16.337.915 
€ after twenty years and internal rate of return would be about 13 %.  
Finally, it has to be emphasized that when calculating NPV and IRR it has been observed 
that any of both options generate great profits, but this is not the goal of this project.  
Nowadays, projects of renewable energy production should be made because of the 
conscious of actual problems with global warming and for the intention to collaborate as 
much as possible to change it. Obviously, it is necessary to assure that initial investment is 
recovered but the amount of profits gained with it is not the point.  
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